Abstract: Increased tibial slope can be a cause of recurrent instability after anterior cruciate ligament reconstruction. This article presents a technique for an anterior closing-wedge osteotomy for slope correction. The indications for this procedure are patients with recurrent instability after anterior cruciate ligament reconstruction with a neutral leg axis or slightly varus deformity and a posterior slope of more than 12
B
ony deformities as a cause of recurrent instability after anterior cruciate ligament (ACL) reconstruction have received increased attention in recent years. [1] [2] [3] [4] [5] [6] [7] [8] [9] Various studies have shown that the inclination of the tibial plateau in the sagittal plane (slope) affects the stability of the knee joint. 1, 10, 11 Owing to the posteriorly sloping articular surface, the tibia glides anteriorly under load (Fig 1) . In the uninjured knee this anterior translation is prevented by the ACL. The higher the slope, the higher the in situ forces in the ACL. This means that an ACL graft will be increasingly loaded with an increased posterior slope.
Biomechanical studies have confirmed this concept. 1, 6, 12 Agneskirchner et al. 1 performed flexion osteotomies on knee joint preparations and biomechanically measured anterior translation. Their study showed that an increase in the posterior slope led to increased anterior translation of the tibia. Moreover, Giffin et al. 6 investigated the effect of slope elevation on knee kinematics and "in situ" forces in the cruciate ligaments on human knee joint specimens. In their study, an elevated tibial slope under load similarly resulted in anterior displacement of the tibia relative to the femur. With increasing slope, increasing in situ forces in the ACL have been observed. Shelburne et al. 12 have simulated the effect of a slope increase in a computer model. Their study showed that a slope increase led to increased anterior shear forces and increased anterior translation in activities of daily living (standing, squatting, and walking). In all these studies, it was concluded that increased tibial slope should be considered in patients with anterior instability. In veterinary medicine, osteotomies to reduce posterior tibial slope have long been used to treat anterior knee instability in dogs. 13 In many cases, deformities in the sagittal plane are combined with deformities in the frontal plane (double varus and increased tibial slope). For double-varus deformity, a medial opening-wedge osteotomy is recommended for correction. 8, 10, [14] [15] [16] With this technique, slope correction is larger in the medial compartment whereas the lateral slope is difficult to address. Christensen et al. 17 have shown by magnetic resonance imaging that, in particular, an increased lateral tibial slope is associated with an increased risk of ACL graft failure. To address the lateral tibial slope. Dejour et al. 3 and Sonnery-Cottet et al. 18 described an anterior closing-wedge osteotomy at the level of the tibial tuberosity. A potential disadvantage of this technique is that the tibial tuberosity has to undergo osteotomy.
This article presents a technique for slope correction in which the anterior wedge is removed below the tibial tuberosity without the need to detach the tibial tuberosity.
Surgical Technique Indications and Contraindications
Proper patient selection is very important for the success of this surgical procedure. The indications for this procedure are patients with recurrent instability after ACL reconstruction with a neutral leg axis or slightly varus deformity and a posterior slope of more than 12 . Because there is now clear evidence of a relation between tibial slope and rerupture, a slopecorrecting osteotomy also may be indicated in some patients with a primary ACL injury and a posterior tibial slope of more than 15 . Contraindications for this procedure include hyperextension of the knee (>10 ), a varus deformity greater than 5 , and grade IV bicompartmental osteoarthritis according to Kellgren and Lawrence. Relative contraindications are a high body mass index (>30) and intensive smoking (>20 cigarettes per day).
Preoperative Planning
The aim of this operation is to reduce the increased tibial slope by removing an osseous wedge from the tibia distally to the tibial tuberosity (Fig 2, Video 1) . To determine the tibial slope, various methods of measurement have been used in the literature. [19] [20] [21] [22] Most authors have used lateral radiographs for slope determination. [19] [20] [21] [22] On the lateral radiograph, the , with a range between 0 and 10 . 22 A posterior slope greater than 12 is considered increased in the literature. 4, 13, 15, 21 The amount of slope correction is planned on the lateral radiographic image (Fig 3) . The postoperative slope should be less than 10 . When planning the slope correction, the preoperative extension of the knee joint must be taken into account. A genu recurvatum should be avoided. As a rule, the posterior slope is corrected by 6 to 8 .
Patient Setup
The patient is positioned supine on a radiolucent table. The procedure can be performed with general and spinal anesthesia. Perioperative antibiotic prophylaxis is performed with a third-generation cephalosporin. For surgery, the lower extremity is placed in a mobile leg holder. For the osteotomy, the knee should be flexed at about 45 (Fig 4) . This position serves to protect the vessels and nerves in the popliteal fossa during osteotomy. For the osteosynthesis, the knee should be extended because the extension maintains the correction.
Diagnostic Arthroscopy
Arthroscopy of the knee joint should be performed before the osteotomy. Arthroscopy is used for evaluation of cartilage and meniscal injuries, as well as treatment of intra-articular damage. The slope correction can be combined with other surgical procedures such as primary or revision ACL reconstruction or bone tunnel filling with autologous or allogeneic cancellous bone. Other arthroscopic procedures (e.g., notchplasty or meniscal and cartilage surgery) are often required.
Exposure
The exposure of the anterior aspect of the tibia is best made through an anterior approach approximately 1 to 2 cm medial to the tibial tuberosity (Fig 4) . However, in many revision cases, previous incisions exist and could be used for the approach or should be included in the approach. Then, the lateral extensor muscles have to be detached from the proximal tibia (Fig 5) . Medially, a rasp is used to separate the superficial portion of the medial collateral ligament from the tibial bone. Hohmann retractors are placed from the medial and lateral sides behind the proximal tibia (Fig 6) . After exposure of the tibial tuberosity, the osteotomy lines are marked with 2 converging 2.0-mm Kirschner wires (K-wires) with the help of an image intensifier (Fig 7) . The K-wires are drilled obliquely in the proximal tibia. The entry point of the first K-wire is just below the most inferior fibers of the patellar tendon. The hinge of the osteotomy should be just below the tibial insertion of the posterior cruciate ligament. The surgeon should endeavor to leave the posterior cortex intact. An intact posterior cortex limits the risk of pseudarthrosis and protects the popliteal neurovascular structures. The height of the anteriorly based wedge depends on the preoperative planning; it is usually between 6 and 8 mm (Fig 8) . 
Osteotomy and Implant Placement
Once the K-wires are in the correct position, the osteotomy is performed with an oscillating saw (TRSModular Drive; Synthes, West Chester, PA). During the osteotomy, the saw must be cooled with fluid (sodium chloride) to avoid heat damage to the tibial bone (Fig 9) . The posterior cortex of the tibia serves as a hinge for the osteotomy. To avoid damage to the posterior cortex, a surgical ruler should be used to measure the length of the inserted K-wires (Fig 10) . We recommend marking the length of the osteotomy on the oscillating saw (Fig  11) . The K-wires and a narrow saw blade guide the oscillating saw (Fig 12) . In patients with a slightly varus deformity, the osteotomy can also be 2-dimensional with an anterior-and lateral-based wedge (Fig 13) .
After removal of the anterior-based wedge, the osteotomy is closed by careful manual pressure (Fig 14) . The osteotomy is closed when the 2 guide K-wires are parallel. Care must be taken to ensure that the lower extremity is not in unphysiological hyperextension after osteotomy. With the image intensifier, the amount of correction should be controlled. If the amount of correction is correct, osteosynthesis is performed with a lag screw from the tibial tuberosity to the distal tibia (Figs 14 and 15) . This is followed by medial osteosynthesis with an angular stable plate fixator (e.g., Loqteq high tibial osteotomy plate; AAP Implants, Berlin, Germany). The angular stable plate can be slid under the skin to avoid a large incision (Fig 16) . The plate is temporarily fixed with K-wires approximately 1 cm distal to the proximal tibia joint line. With an image intensifier, the plate position is controlled (Fig 17) . Then, 4.5-mm locking screws are inserted. Typically, the proximal segment is stabilized with 4 locking screws and the distal segment is stabilized with 3 locking screws (Fig 18) .
A Redon drain is normally not needed. After skin closure, a compressive dressing is applied.
Rehabilitation
The patient is mobilized with partial weight bearing with 10 kg for 2 weeks. Range of motion is not restricted. The stitches are removed postoperatively after 12 days. If the patient has plate-associated pain or discomfort, removal of the internal plate fixator can be performed.
Discussion
In this article, we present a technique for subtuberosity closing-wedge osteotomy for the correction of increased tibial slope. The effectiveness of this technique has been proven in clinical practice in recent years. To avoid heat damage to the tibial bone during the osteotomy, the saw must be cooled with fluid (sodium chloride [NaCl]).
Fig 10.
To avoid damage to the posterior cortex, a Kirschner wire (K-wire) measuring device should be used to measure the length of the inserted K-wires.
POSTERIOR SLOPE CORRECTION
For patients with recurrent instability and a doublevarus situation, a medial opening-wedge high tibial osteotomy is the gold standard to reduce the number of subjective instability events. 8, 14, 15, 23 With a medial opening-wedge osteotomy, the tibial slope of the medial tibial plateau can be addressed if increased. 8, 15 The potential of the medial opening-wedge osteotomy to correct an increased tibial slope of the lateral plateau, however, is limited.
Recent studies have shown that the lateral slope plays a defining role in recurrent instability after ACL reconstruction. 17, 24 For this reason, it is especially important to address the lateral slope during revision surgery. Compared with the medial opening-wedge technique, this is best achieved with the subtuberosity closing-wedge osteotomy. Moreover, not all patients with an increased tibial slope have an associated varus deformity. In these cases an anterior closing-wedge osteotomy may be indicated.
For the anterior closing-wedge osteotomy, only 2 retrospective case series can be found in the literature. In both case series, an anterior closing-wedge osteotomy was described in which the tibial tuberosity must be detached. 3, 18 Dejour et al. 3 reported 9 patients who had undergone a second rupture of an ACL reconstruction. All patients had a posterior slope greater than 12 . These patients underwent an anterior closing-wedge osteotomy in combination with ACL reconstruction (quadriceps tendon in 8 and semitendinosus tendon in 1). The slope In both studies, the indication for an anterior closingwedge osteotomy is a revision situation with a tibial slope greater than 12 and a neutral or slightly varus leg axis. 3, 18 A possible disadvantage of these techniques is that the tibial tuberosity has to be detached for the anterior closing-wedge osteotomy. With the subtuberosity osteotomy described in this article, this additional surgical step can be avoided.
As with any other proximal tibial osteotomy, the anterior closing-wedge osteotomy is associated with various pitfalls. These pitfalls and the solutions for prevention are listed in Table 1 . In summary, the anterior closing-wedge osteotomy described in this article is a safe method to reduce the tibial slope in patients with anterior instability. 
